The interest in lycopene has increased in recent years due to studies that associate it with the reduction in risk of developing cardiovascular diseases and cancer. However, due to its high degree of unsaturation, this carotenoid is inclined to isomerize and oxidize during processing and storage, making it difficult to use in the food industry. Microencapsulation can improve this situation, increasing its stability and making incorporation into food formulations possible. Thus, the aim of this study was to microencapsulate lycopene by complex coacervation using gelatin and gum Arabic as the encapsulating agents. The microcapsules were evaluated based on the encapsulation efficiency and their morphology and then submitted to a stability test and applied in cake making. Most of the systems studied presented spherical microcapsules with defined walls. The encapsulation efficiency values were above 90%, and the average diameter of the capsules ranged from 61 to 144 m. The stability test showed that microencapsulation offered greater protection to the lycopene as compared to its free form. The application of nonfreeze dried coacervated microcapsules in cake making was satisfactory, but the color transference was low when freezedried coacervated microcapsules were used.
Introduction
Lycopene is a carotenoid that can be incorporated into foods with the purposes of conferring both color and functional characteristics, but it is quite susceptible to isomerization and oxidation [1] . A possible solution to this problem could be the use of microencapsulation, which is the most widely used technique to increase the stability of carotenoids [2] .
Complex coacervation consists of spontaneous phase separation by forming an insoluble complex between two or more polymers as a result of electrostatic interactions. The composition and concentration of the wall polymer and environmental conditions such as the pH and ionic strength, amongst others, are directly related to the efficiency of microcapsule production and to the variability in structure, size, and porosity, amongst other characteristics [3] . Microcapsules produced by coacervation are heat-resistant, possessing excellent controlled-release characteristics based on mechanical stress, temperature, and sustained release [4] .
Matioli and Rodriguez-Amaya [1] encapsulated lycopene by freeze drying and spray drying methods. The encapsulating agents were gum Arabic and the gum Arabic/maltodextrin pair. The longest half-life time was found for the lycopene encapsulated in gum Arabic and maltodextrin by the freeze drying method.
Matioli and Rodriguez-Amaya [5] studied the microencapsulation of lycopene using cyclodextrins (CD) as the encapsulating agents ( -CD, -CD, and -CD). Molecular inclusion complexes were formed by -CD and -CD but not by -CD. Using the same three types of cyclodextrin for encapsulation, Blanch et al. [6] found that -CD was the most favorable encapsulating agent for the stabilization of lycopene at room temperature in the presence of oxygen and light.
Shu et al. [7] and Rocha et al. [8] microencapsulated lycopene by spray drying, using gelatin/sucrose and modified starch, respectively, as the encapsulating agents, and found that the stability of microencapsulated lycopene was significantly higher when compared to the free material.
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Silva et al. [9] encapsulated lycopene by complex coacervation using gelatin and pectin as the encapsulants, but the process did not improve the stability of the pigment. For this reason gelatin and gum Arabic were the choice of encapsulating agents for the present study, since this is one of the most common and extensively used pairs in complex coacervation [10] .
The aim of this study was to microencapsulate lycopene by complex coacervation, measure the stability of the carotenoids during storage, incorporate the microcapsules into cakes, and finally evaluate them based on the color transference.
Material and Methods

Material.
Oil dispersed lycopene (20% lycopene) (BASF, Lot: 74709816Kol, Germany) was used as the core material, while encapsulating polymers were type A swine gelatin (Gelita South America, Lot: 240P/6, Brazil) and gum Arabic (CNI, Rouen, Lot: IRX49345, France).
Methodology
Microcapsule Production by Complex Coacervation.
The methodology for obtaining microcapsules by complex coacervation was adapted from procedures described in [11, 12] . Gelatin and gum Arabic solutions were prepared by dissolution in water at 50 ∘ C. The gelatin solution (2.5, 5, or 7.5%) and oil dispersed lycopene (20% lycopene) were mixed in an Ultra Turrax shaker (IKA T18 Basic, Rio de Janeiro, Brazil) at 10.000 rpm for 3 minutes in order to obtain an emulsion. The emulsion was then mixed with the gum Arabic solution (2.5, 5, or 7.5%) by mechanical stirring. The pH was then adjusted to 4.0 ± 0.01 by adding hydrochloric acid (0.5 M) with a dropper. Up to this point in the process, the temperature was monitored and maintained at 50 ± 3 ∘ C. The system was then cooled to 10 ∘ C in an ice bath and finally placed in a refrigerator at 3 ∘ C for 24 hours to complete particle precipitation.
After obtaining the coacervated microcapsules, they were concentrated using a sieve (Mesh of 25 m). The samples were concentrated in plexiglass plates covered with aluminum foil containing small holes and submitted to slow freezing in a freezer at −20 ∘ C for 24 hours. The frozen samples were then freeze-dried (Edwards Pirani 501 Freeze Dryer, West Sussex, UK) for about three consecutive days under the following operational conditions: condenser temperature of −60 ∘ C, 10 −1 mbar pressure, and a final temperature of 25 ∘ C. Nine formulations were studied, differing with respect to the total encapsulant (E) (2.5, 5.0, and 7.5%) and core (C) concentrations, the latter varying in relation to the total weight of encapsulant (25, 50 , and 75%). The nine formulations were coded as follows: (1) E2.5/C25; (2) E2.5/C25; (3) E2.5/C75; (4) E5.0/C25; (5) E5.0/C50; (6) E5.0/C75; (7) E7.5/C25; (8) E7.5/C50; and (9) E7.5/C75. The encapsulant ratio was maintained at 1 : 1 for al l formulations, since this was the best ratio according to Prata et al. [13] , who studied the microencapsulation of vetiver oil by complex coacervation using gelatin and gum Arabic as the encapsulating agents.
Characterization of the Microcapsules According to
Their Morphology, Mean Diameter, Rehydration Capacity, and Encapsulation Efficiency (%EE). An optical microscope (Nikon Eclipse E800, Tokyo, Japan) equipped with the Image Pro Plus 4.0 software was used to evaluate the morphological characteristics of the microcapsules. To calculate the mean diameter, a minimum of 300 particles of each formulation was measured with the aid of this software. The morphology was also evaluated by scanning electronic microscopy (SEM), where the freeze dried samples were fixed to metal tapes adhered on metallic stubs. The stubs were coated with a thin layer of gold in a sputter coater (Balzer SCD50, Lichtenstein, Austria) for 180 seconds with a 40 mA current. A scanning electronic microscope (Jeol JMS, T300, Tokyo, Japan) with a voltage of 10 kV was used to observe the samples [14] .
The rehydration capacity of the microcapsules, determination of their mean diameters, and evaluation of their morphological characteristics by optical microscopy were all carried out in the wet (before freeze drying), freeze dried, and rehydrated forms. Rehydration was carried out by adding water to the freeze dried samples and stirring for 5 minutes, one hour, or 24 hours. The samples were dispersed in water or glycerol (for the freeze dried samples) to capture the images.
The encapsulation efficiency was calculated according to the quantity of lycopene present in the capsules as compared to the quantity initially used to produce them. The lycopene was quantified by spectrophotometry (Biochrom Libra S22 Spectrophotometer-Cambridge, England). The microcapsules were ruptured by an adaption of the method described by Yeo et al. [3] . A 10 mL aliquot of 0.5 M NaCl and 10 mL of 1% sodium dodecyl sulfate (SDS) were added to the samples (about 10 mg) and shaken for 1 minute. A 20 mL aliquot of petroleum ether and 10 mL of absolute ethyl alcohol were then added and the petroleum ether fraction (which carried the lycopene) withdrawn. The absorption was read at 470 nm, and the lycopene concentration calculated using the method was described in Rodriguez-Amaya [15] . The analyses were carried out in triplicate.
Determination of the Temperature Stability of the Freeze
Dried Material. The samples (freeze dried microcapsules and lycopene in the free form) were packed into rubberstoppered glass bottles covered with aluminum foil, vacuumsealed and stored at temperatures of 10 and 25 ∘ C [8] . The lycopene contents were quantified approximately every seven days for a period of 73 days, according to the methodology used to calculate the encapsulation efficiency. On each day of analysis, one bottle of each sample was opened, maintaining the remaining samples out of contact with the oxygen and light. The analyses were performed in triplicate.
Application of the Microcapsules to a Food System.
The model system chosen for application of the microcapsules was cake. The cakes were prepared based on the methodology described by Santos et al. [16] and Rocha et al. [8] as follows: (A) with lycopene in the free form, (B) with no lycopene (standard), (C) with coacervated microcapsules, and (D) with freeze dried coacervated microcapsules. To prepare the standard cake (B) two eggs and 150 g margarine were first beaten together in a domestic mixer (Leco, São Paulo, Brazil). Without stopping to beat the mixture, 240 g of granulated sugar (União, São Paulo, Brazil) was then added, and subsequently a total of 240 g of wheat flour (Sol, Fortaleza, Brazil) and 240 mL of whole milk (Líder, Lobato, Brazil) were added alternately in small aliquots. Finally the mixer was turned off, and 10 grams of baking powder (Royal, Jundiai, Brazil) were added and mixed manually. The mixture was poured into a greased and floured cake pan and baked in a preheated oven for about 40 minutes.
The microcapsules were added to cake formulations (C) and (D) by mixing them with the milk at 50 ∘ C. Lycopene in the free form (formulation (A)) was added to the mix after adding the flour and milk. Formulations (A), (C), and (D) contained the same concentration of lycopene.
The apparent color analysis was carried out by making objective measurements by direct reflection using a colorimeter (Hunter Lab, Color Quest II, Virginia, USA). The readings were made with D65 illumination, a viewing angle with an opening of 10 ∘ and the RSIN mode. For the measurements, each sample was cut into slices about 2 cm thick and five readings taken at random points [8] .
Statistical Analysis.
The data were statistically analyzed using the SAS statistical software (Statistic Analysis System), version 8.02, by ANOVA and the Tukey test, at a 5% significance level.
Results and Discussion
Microcapsule Characterization.
For all the formulations, a precipitate and a clear supernatant are formed after coacervation. Figure 1 shows optical and electronic microscopic images taken of some of the formulations. Microscopy showed that the microcapsules of formulations 1-6 were spherical, multinucleate, and with defined walls. Formulations 7-9 ( = 7.5%) differed from the others in relation to their format, since they had no definite form. According to Schmitt et al. [17] , an excess of polymer can cause an excess of charge, impairing formation of the complex. In addition, Thies [11] stated that the increase in viscosity caused by a high polymer concentration in the solution could also influence the formation of the microcapsules, decreasing the mobility of the macromolecules and hence the extent of competition, as the solvent molecules became larger. The mean diameters of the capsules present in formulations 1-6 were calculated, but it was not possible to determine the diameters of formulations 7, 8, and 9 since they did not present the required sphericity. The average diameter of the microcapsules analyzed varied from 61 to 144 m (Table 1) . These values were slightly larger than those found by Mendanha et al. [18] when encapsulating hydrolyzed casein by complex coacervation using isolated soy protein and pectin as the encapsulating agents but were in agreement with the expected values for the diameters of coacervates, which can vary from 1 to 500 m [19] . Formulations 1, 2, and 3 ( = 2.5%) produced significantly ( < 0.05) larger microcapsules than formulations 4, 5, and 6 ( = 5%), in which the capsules were smaller but present in larger amounts, indicating that the concentration of the encapsulating agent influenced the size of the capsules. This influence of the concentration of the encapsulating material has been cited in studies which make assumptions about the size of the microcapsules according to the production parameters, such as the ratio of the encapsulating agents, polymer concentrations, amount of core material, stirring rate, cooling rate, and type of drying procedure [20] [21] [22] [23] .
Apparently the freeze drying process caused no major damage to the morphology of the microcapsules, since rehydration was successful, restoring the spherical shape of the capsules with an appearance similar to that of the moist sample. Prata et al. [13] also observed the continuity of the sphericity of coacervated microcapsules after freeze drying. When comparing the three drying methods (dehydration, spray drying, and freeze drying), Leclercq et al. [24] concluded that freeze drying was the best method for preparing coacervated capsules, with gelatin and gum Arabic as the encapsulating agents. A significant uptake of water by the rehydrated freeze dried samples was also observed, as evidenced by the mean diameters (Table 2) , which showed values close to the original sizes of the moist microcapsules before the drying process. Table 1 shows the values obtained for encapsulation efficiency. High values are normally found in the literature for the encapsulation efficiency of coacervated capsules [13, 24] when gelatin and gum Arabic are used as the encapsulating agents. However, when pectin and soy protein isolate were used as the encapsulating agents to encapsulate propolis and casein hydrolysate, the encapsulation efficiencies were in the range from 66-72% [25] to 78-91% [18] . These results confirmed that gelatin and gum Arabic were more efficient encapsulating agents than pectin and soy protein isolate. When lycopene was encapsulated by spray drying, the encapsulation efficiencies were in the range from 21.01 to 29.73% using modified starch [8] , from 12.1 to 82.2% using gelatin and sucrose [7] , and from 25.6 to 87.5% [26] using gum Arabic, gellan gum, and maltodextrin as the encapsulation material. In view of these results, it is possible to affirm that complex coacervation is a more efficient method to encapsulate lycopene than spray drying. This can be explained by the milder temperatures used in complex coacervation, an important factor for the encapsulation of a highly sensitive compound such as lycopene.
Stability of Lycopene in the Free and Microencapsulated Forms.
It is important to evaluate the stability of the lycopene, because carotenoids may be destroyed during the processing and storage of foods, and the main cause is enzymatic or nonenzymatic oxidation. Isomerization of transcarotenoids to cisisomers leads to food discoloration and occurs by contact with acids, heat treatment, and light exposure [27] . Table 3 shows the retention of lycopene in formulations 1 and 6 (chosen because they presented the highest encapsulation efficiencies) after 73 days and the corresponding values for the free lycopene at two different temperatures. Lycopene retention was greatly influenced by storage temperature. For all the formulations studied, as expected the retention was significantly higher when maintained at 10 ∘ C than at 25 ∘ C, since the lycopene oxidation process is greater at higher temperatures. Under all the conditions studied, the greatest losses were found for the free lycopene, indicating that microencapsulation by complex coacervation offered greater protection to the lycopene. The results followed a linear trend as can be seen in Figure 2 , and the choice of a linear fit was confirmed by the high values obtained for the correlation coefficient ( 2 ) using this fit. In the study of the stability (in the absence of light at room temperature) of lycopene microencapsulated by spray drying using gum Arabic as the encapsulant, Matioli and RodriguezAmaya [1] found a 50% loss of lycopene after 18 days. Shu et al. [7] evaluated the stability of lycopene microcapsules encapsulated in gelatin and sucrose by spray drying and stored at 0 ∘ C in transparent plastic bags and found a loss of about 15% after 28 days. These performances are inferior to the performance of the formulations studied in the present paper, although the discrepancies could be attributed to the presence of oxygen during storage in the studies by these authors.
Matioli and Rodriguez-Amaya [5] found that lycopene microencapsulated in -cyclodextrin remained stable for 40 days in both the presence and absence of light, when stored in the absence of oxygen at temperatures ranging from 25 to 35 ∘ C. However, this is a much more expensive encapsulating agent than the one used in the present study.
Silva et al. [9] encapsulated lycopene by complex coacervation with gelatin and pectin as the encapsulating agents and evaluated the stability of the free and microencapsulated lycopene by the same methodology used in the present study. After 10 days of storage, they found no significant differences between the concentrations of free and microencapsulated lycopene. This result may indicate that the gelatin/gum Arabic pair was more efficient in protecting the lycopene from degradation than the gelatin/pectin pair.
The Application of the Microcapsules in a Food System.
For the application in cakes, the microcapsules from formulation 6 were used, because they performed better in the stability test.
Rocha et al. [8] studied the use of lycopene microcapsules obtained by spray drying in cakes and analyzed the results of pigmentation according to the coordinate "a. " Table 4 shows the values obtained for coordinate "a" for the cake samples. The sample with added moist coacervate presented no significant difference in relation to the cake with added free lycopene. As expected, all the samples differed from the standard cake (without lycopene). In the study by Rocha et al. [8] , the free lycopene cake showed a significantly higher value for coordinate "a" than the cake with lycopene microcapsules obtained by spray drying. This result shows that the capsules obtained by complex coacervation have a better capacity to pigment the food system studied than the capsules obtained by spray drying. The variation in lycopene pigmentation can be visualized in the samples shown in Figure 3 . There is a homogeneous distribution of the pigment in the samples with nonfreeze dried microcapsules (Figure 3(c) ), indicating the effectiveness of the functionality of these encapsulates in the cake pigmentation. The same homogeneous distribution was observed in the sample with free lycopene (Figure 3(a) ). However, the freeze dried coacervated microcapsules (Figure 3(d) ) showed a less intense pigmentation, heterogeneous distribution, and the presence of lycopene concentrated at some points (shown by arrows). During the preparation of the mix, the microcapsules were not dissolved, and the heat of the oven was not sufficient to break them up completely, and thus the core was not fully released and distributed throughout the cake, which restricts the direct use of freeze dried coacervated microcapsules in this type of application. Adjustments are required for the prior hydration of the freeze dried microcapsules to induce the release of the pigment into the product.
Conclusions
It is possible to produce microcapsules from oily solutions of lycopene using the complex coacervation technique with gelatin and gum Arabic as the encapsulants. The freeze drying process was efficient in drying the capsules, since when rehydrated, they recovered their initial size and appearance.
In the stability test, the retention of lycopene was found to be greater in the microcapsules as compared to the free material, indicating the potential of microencapsulation to provide greater protection against degradation of the carotenoid, favoring its application in food formulations.
The nonfreeze dried microcapsules presented good functionality and potential for use in foods, since they were able to release lycopene during preparation of the system studied and to color it homogenously.
